A simple saline perfusion system was used to investigate the effects of hyperosmolar solutions of arabinose and mannitol upon the permeability of the blood-brain barrier. The small, polar molecule [14C]man nitol and the larger, visual marker Evans blue were used as indicators of barrier integrity in the perfused energy depleted brain. One-minute perfusion of hyperosmolar solutions consistently opened the barrier suggesting that the mechanism of osmotic barrier opening is independent of energy-producing metabolism. The accumulation of radiolabel in the brain was expressed as the ratio of tissue This work was presented in part as a preliminary communica tion to the Physiological Society, U. K. (Greenwood et al. , 1986b). 9 to perfusate radioactivity (R/Rp) and, for cerebrum, this increased from a control value of 0.0022 ± 0.0007 (mean from the Wellcome Tr ust and the Brain Damage Research Tr ust. We are grateful to Dr. G. Dunn for statistical ad vice.
Osmotic opening of the blood-brain barrier (BBB), brought about by the infusion of hyperos molar solutions into the cerebral circulation, is as suming an increasingly important role in the devel opment of methods for enhancing the delivery of drugs and enzymes to the central nervous system (Neuwelt and Rapoport, 1984; Neuwelt et aI., 1984) . Some success has been claimed in the treat ment of patients with cerebral lymphoma using such an approach (Neuwelt et aI., 1983) . This form of opening may also occur as an unwanted side ef fect of the prolonged infusion of high concentra tions of neuroradiological imaging agents, as in ce rebral angiography (Broman et ai, 1965) . Despite the clinical and experimental interest in this phe nomenon, the mechanism whereby it takes place remains controversial. It has been suggested that the endothelium and surrounding tissue shrink as a result of fluid shift into the vascular compartment, increasing vessel wall tension and causing physical disruption of the blood-brain barrier. It has been re-± SEM; n = 4) to a value of 0.0124 ± 0.0008 (n = 4) following 0.9 M arabinose and to 0.0495 ± 0.0072 (n = 4) following 1.8 M arabinose. There was a significant reduc tion of water content of hyperosmolar perfused brains. These findings support the hypothesis that osmotic bar rier opening is the result of the passive shrinkage of endo thelial cells and the surrounding tissue. Key Words: Hy perosmolar solution-Blood-brain barrier-Energy-de pleted brain-Permeability -Brain perfusion.
peatedly argued that the opening of tight junctions, an essential ultrastructual component of the blood brain barrier (Reese and Karnovsky, 1967) , is the dominant mode of leakage in hyperosmolar opening (Thompson, 1970; Rapoport et aI., 1972; Brightman et aI., 1973; Rapoport and Robinson, 1986) . There is, however, relatively little ultrastructural evi dence in studies using electron-dense markers dem onstrating continuity of disrupted junctions from the luminal to abluminal aspect of the endothelium. This may reflect both sampling difficulties and the tortuous nature of paths through open junctions (Nagy et aI., 1979) . Despite the convincing argu ments for a tight junction mechanism of disruption (for a review see Rapoport and Robinson, 1986 ) al ternative mechanisms have been suggested. Hyper osmolar solutions may induce increased perme ability either by stimulating micropinocytic trans port of polar substances across the barrier or by forming transendothelial channels (Hansson and Johansson, 1980; Houthoff et al. 1982; Lehtosalo et aI., 1982; Mayhan and Heistad, 1985) , both of which are likely to require metabolic energy. The nature of the driving forces behind the formation and transfer of vesicles is open to question but it has been suggested that the vesicle-cell membrane attachment and detachment are energy-requiring processes and the movement through the cyto plasm is due to Brownian motion (Cervos-Navarro et aI., 1983) .
It is possible that the barrier opening demon strated in some previous studies may not be en tirely due to the hyperosmolarity of the solution. For example, some compounds used for hyperos molar opening may themselves be cytotoxic (Rapo port et aI., 1977) and the injection of hypertonic so lutions into the carotid artery, often at high flow rates, may interfere with cerebral autoregulation or alter systemic blood pressure (Gulati et al., 1985; Hardebo 1980; Hardebo and Nilsson, 1980; Naka gawa et aI., 1984) , although the latter is not consis tently observed (Pappius et aI., 1979; Pickard et aI., 1977) . Furthermore, the failure to remove particu late matter from the carotid perfusate may result in multiple micro-emboli and subsequent ischemia. Both hypertension and ischemia have been shown to disrupt the blood-brain barrier and are asso ciated with an increase in microvesicular profiles (Westergaard et aI., 1976; 1977) .
The aim of the present study was to investigate the energy-dependence of hyperosmolar opening and to determine whether it can take place in the absence of any circulatory changes. To achieve this, a simple saline perfusion system, where en ergy-producing metabolism had been inhibited (Greenwood et aI. 1985; Luthert et aI., 1987) , was used. The removal of sources of metabolic energy does not of itself lead to breakdown of the blood brain barrier, at least in the short term (Broman 1950; Greenwood et aI., 1985; Luthert et ai, 1987) . Indeed, ischemic hypoxia may protect the barrier from hypertensive and chemical insults (Hossmann and Olsson, 1971) , and it has been suggested that the "refractory period" between the two phases of barrier opening following ischemia may be a conse quence of energy depletion (Kuroiwa et aI., 1985) . A light and electron microscope study of the hyper osmolar opening of the energy-depleted blood-brain barrier will be reported separately.
METHODS

Animals and perfusion
Adult Wistar rats weighing approximately 400 g (Table   I ), were anesthetised with pentobarbitone (60 mg' kg-I i.p.) and prepared for perfusion as described previously (Greenwood et aI., 1985; Luthert et aI., 1987) . Briefly, filtered, warmed, and bubble-free saline perfusate at pH 704 and containing 2,4-dinitrophenol (DNP) was pumped at a rate of 25 ml min -I into the ascending aorta (Fig. 1) .
The perfusion medium was not oxygenated and contained no glucose. The confluence of sinuses and right atrium were opened to allow free efflux of perfusate, and the descending aorta was ligated. The temperature of the preparation was monitored by a thermistor probe in the esophagus (and maintained at 37°C) and cannula pressure was recorded throughout (Polygraph, Grass Instrument Company; Statham P23AC transducer).
Animals were perfused with a pretest perfusate for 9 min, by which time ATP and phosphocreatine stores have been depleted to less than 10 and 1 % of control values respectively (Greenwood et aI., in preparation). This was followed by a 1 min perfusion, through a side arm of the aortic cannula ( Fig. 1) , of either a hyperosmolar solution or a control solution identical to the pretest perfusate. The hyperosmolar solutions of mannitol (lAM, n = 6) or arabinose (0.9 M, n = 4; 104 M, n = 4; 1.8 M, n = 4) were made up in the same perfusion medium as above, filtered, and prewarmed prior to use.
Assessment of barrier disruption
Immediately following the infusion of the hyperos molar or control solution, the second recirculating circuit of the perfusion apparatus ( Fig. 1 ) was switched in to de liver "isotonic" perfusate containing [14C]mannitol (spe cific activity 2.2 MBq ILmol-1 [Amersham International, Aylesbury, Bucks] at 0.15-0.20 ILM) and 0.002% (w/v) Evans blue for 2.5 min. The experiments were terminated by a high-pressure saline washout for 20s to clear the vas cular compartment of radio label. The brain was then rap idly removed, frozen in hexane, cooled on solid carbon dioxide, and duplicate samples of forebrain, cerebellum, and brainstem were dissected and weighed into empty, preweighed scintillation vials. Following standard prepa ration for scintillation counting, the radioactivity in tissue and quadruplicate samples of perfusate was measured on an automatic scintillation counter (Tricarb, model 4430, Packard Instruments, Berkshire, U.K.). The ratio of ra dioactivity/g tissue to radioactivity/ml perfusate (R/Rp) was used as a measure of barrier disruption (Luthert et al; 1987) . 
Measurement of brain water content
The caudal half of the cerebral hemispheres was weighed wet and then dried to constant weight at 90°C, the water content being expressed as a percentage of wet weight.
Statistical analysis
Groups of data were compared using a two-tailed Stu dent's t test or, in the case of the R/Rp ratios, univariate analysis of variance. P < 0.05 was taken as the level of significance.
RESULTS
Perfusion parameters
The mean esophageal temperatures following 11 min of perfusion in the hyperosmolar groups were not significantly different from the isotonic controls (Table 1 ). The cannula pressure at 11 min was sig nificantly different (p < 0.02) from controls only in the 1.8 arabinose group (Table 1) . A representative pressure trace from one of the experimental groups is shown in Fig. 2 .
Macroscopic appearances
Control brains were stained uniformly yellow with DNP except for areas known to lack a blood brain barrier where leakage of Evans blue occurred ( Fig. 3A and B) . Occasionally, in brains perfused with hyperosmolar solutions, the parenchyma had a faint green hue and the major arteries coursing over the surface of the brain were often stained blue! green and stood out distinctly from the surrounding brain. (Fig. 3C) .
Quantification of barrier disruption
The R/Rp ratios for controls ( Fig. 4) were not sig nificantly different from those following 2.5 min in fusion of mannitol in vivo (Luthert et ai., 1987) , confirming that the barrier does not open under these perfusion conditions when isotonic solutions are perfused. With hyperosmolar arabinose or mannitol, however, a significant increase in R/Rp was seen in all three areas studied. Univariate anal ysis of variance demonstrated no significant differ ence in the ratio between animals perfused with 0.9 M and 1.4 M arabinose. The 1.8 M arabinose pro voked a further significant increase for all regions compared with the lower doses of arabinose (p < 0.0001). Mannitol appeared to be more effective at opening the barrier than arabinose at the same con centration (1.4 M), but the difference was only sig nificant in the cerebrum (p < 0.01).
Brain water content
The water content of brains that had been per fused with hyperosmolar solutions was significantly lower than that of the controls (Table 1) .
DISCUSSION
The energy required for hyperosmolar opening of the blood-brain barrier must be derived from at least one of a number of different sources. The most likely source of this energy is from the os motic gradient or the high-energy phosphates, ATP, and phosphocreatine. The latter are presumed to be essential for processes such as pinocytosis to occur (Cerv6s-Navarro et aI., 1983). Less likely sources include potential energy from intrinsic ionic gra dients (which are created by utilizing metabolic en ergy) and the possible increase in luminal pressure that may occur during hyperosmolar infusion (Har debo and Nilsson, 1980; Gulati et ai., 1985) . Al though Nagy et ai. (1979) have demonstrated the passage of colloidal lanthanum across an aldehyde fixed barrier, after it had previously been opened by hyperosmolar solutions in vivo, this does not preclude the possibility that the opening was an ac tive process such as channel formation. In the cur rent investigation, however, the barrier has been opened in an energy-deprived state.
The present results show that the osmotic threshold for barrier opening and the degree of disruption occurring in this perfusion system are similar to those reported previously in vivo (Rapo port et aI., 1980; Hiesiger et aI., 1986) . Under the present experimental condition, ATP is rapidly de pleted within 5 min to basal levels of under 10% of normal (Greenwood et aI., in preparation) and con sequently the mechanism of hyperosmolar barrier opening cannot be mediated by a process such as vesicle and/or channel formation which are likely to require the presence of much greater concentra tions of ATP. The potential importance of hemody namic changes in hyperosmolar opening has been emphasized by a number of authors where infusion of hypertonic solutions has been shown to be asso ciated with a rise in systemic blood pressure (Har debo, 1980) and increased cerebral blood flow (Gu lati et aI., 1985; Pickard et aI., 1977) . In addition, hyperosmolar infusions are associated with ictal ac tivity (Fieschi et aI., 1980) , which is a well-recog nized cause of barrier opening (Lee and Olszewski, 1961; Lorenzo and Barlow, 1967) possibly as a re sult of a vascular disturbance. That factors other than those acting via loss of autoregulation and he modynamic disturbances may be involved is sug gested by the initial studies of Rapoport (1970) in which topical application of agents provoked vas cular leakage, and by the demonstration of hyper osmolar "opening" in cultured cerebral capillary endothelium (Dorovini-Zis et aI., 1984) . Moreover, hyperosmolar opening is not universally associated with an increase in systemic blood pressure (Pappius et aI., 1979; Pickard et aI., 1977) . The in dependence of hyperosmolar opening from hemo dynamic changes is confirmed directly in this study where metabolic energy depletion ensures a nonreactive vascular bed. Capillary pressures are not known in this system, but the low viscosity of the perfusate allows adequate flow rates to be achieved at low cannula pressures (Table I; Fig. 2 ; Luthert et aI., 1987) . Indeed, cannula pressures are consistently lower in animals perfused with hyper osmolar solutions than in controls, and significantly so for the 1.8 M arabinose group. A reasonable ex planation of this might be that a shift of fluid into the vascular compartment produces perivascular shrinkage and an increase in luminal diameter. A morphometric study is in progress to test this hy pothesis.
The most likely source of energy for the disrup tion of the blood-brain barrier under these condi tions, therefore, is from the osmotic gradient de rived from the hypertonic solution introduced into the vascular system. As originally suggested by Ra poport et ai. (1972) , and more recently in a compre hensive review (Rapoport and Robinson, 1986) , this will lead to osmotically mediated shrinkage of en dothelial cells, surrounding tissue, or both, which will mechanically disrupt the endothelial cell layer.
The increasing R/Rp ratio with higher osmo lalities of arabinose suggests a dose-related rather than a simple "all or nothing" effect. Whether this increase is a consequence of larger "holes," more "holes," or a combination of the two is unclear but may in the future be determined by using tracers of differing molecular weight. In this study, two markers of different molecular weight, mannitol (MW 182) and unbound Evans blue (MW 961), were used but they did not offer any information on hole size, because the latter was only assessed qualitatively. A higher perfusate osmolality would not only be expected to induce higher tension in the vessel walls in general, but might also keep the lu minal osmolality above the threshold necessary to induce opening further down the vascular tree, as suming that the shift of fluid into the vessel lumen will tend to dilute the perfusate. The distinction be tween more holes and bigger holes might take on particular significance in enhancing drug delivery where a few big holes might be less beneficial than many smaller ones because diffusion distance may be critical in some circumstances (Levin et aI., 1980) . Although a more finely graded dose-re sponse curve would be necessary to clarify the re lationship between perfusate or plasma osmolality and degree of barrier opening, both this and pre vious studies (Rapoport et aI., 1980; N akaga wa et aI., 1984) show relatively small increase in opening between 0.9 M and 1. 4 M and a dramatic increase in opening between 1.4 M and 1.6 M or 1.8 M solu tions. The possibility that this second increase may be related to a different mechanism of opening or to the accessing of a different compartment warrants further study.
The reduction in water content is to be expected given the osmotically induced shift of water from the tissue and, again as expected, the higher the os molality the greater the shift. Although not statisti cally significant, it is interesting to note that the de hydrating power of mannitol seemed to be greater than that for the equivalent concentration of arabinose: there was a significantly greater opening of the cerebrum samples to 1.4 M mannitol than 1. 4 M arabinose. Both solutions are likely to have sim ilar osmotic potentials but it is possible that ara binose crosses the barrier on the glucose carrier (Eidelberg et aI., 1967) , which still operates under these conditions (Greenwood et aI., 1986a) , effec tively reducing the osmotic gradient. As an opening agent, however, arabinose has the advantage of being more water soluble.
When the barrier opens, osmotically active solutes will cross into the tissue, taking water with them and possibly continue to do so after closure of the barrier, hyperosmolar opening being a revers ible process, at least in vivo. The temporal se quence of these fluid shifts is not fully documented and the time at which measurements are made would determine whether the brain was dehydrated or edematous (Rapoport et aI., 1977; Rapoport et aI., 1980) . It is clear from the current studies that, despite perfusing with isotonic media for 2. 5 min after opening the barrier, complete rehydration has not occurred (Table O. In conclusion, it has been demonstrated that the blood-brain barrier can be opened by hyperosmolar solutions in the absence of energy-producing metabolism to a similar degree to that found in vivo and that these changes are likely to be independent of circulatory changes. This suggests that an active process, such as vesic ular transport, does not contribute significantly to the passage of tracer across the blood-brain barrier during hyperosmolar opening.
